Chapter 6 


Pedigree Analysis 


INTRODUCTION 


Figure 6-1 
Polydactyly (six fingers in this case) is an example of a human 
trait that can be studied by pedigree analysis. (Wikipedia- Drg: 
nu23- CC BY-SA 3.0) 


Ihe basic concepts of genetics described in the preceding chapters can be applied to almost any eukaryotic or- 
ganism. However, some techniques, such as testcrosses, can only be performed with model organisms or oth- 

er species that can be experimentally manipulated. To study the inheritance patterns of genes in humans and other 

species for which controlled matings are not possible, geneticists use the analysis of pedigrees and populations. 


A. PEDIGREE ANALYSIS 
A.1. PEDIGREE CHARTS 


Pedigree charts are diagrams that show the pheno- 
types and/or genotypes for a particular organism, its 
ancestors, and descendants. While commonly used in 
human families to track genetic diseases, they can be 
used for any species and any inherited trait. Geneticists 
use a standardized set of symbols to represent an indi- 
vidual's sex, family relationships and phenotype. These 
diagrams are used to determine the mode of inheri- 
tance of a particular disease or trait, and to predict the 
probability of its appearance among offspring. Pedigree 


analysis is therefore an important tool in basic research, 
agriculture, and genetic counseling. 


Each pedigree chart represents all of the available in- 
formation about the inheritance of a single trait (most 
often a disease) within a family. The pedigree chart is 
therefore drawn using factual information, but there is 
always some possibility of errors in this information, es- 
pecially when relying on family members recollections 
or even clinical diagnoses. In real pedigrees, further 
complications can arise due to incomplete penetrance 


(including age of onset) and variable expressi 
disease alleles, but for the examples presented in this 
book, we will presume complete accuracy of the ped- 
igrees - that is, the phenotype accurately reflects the 
genotype. A pedigree may be drawn when trying to 
determine the nature of a newly discovered disease, or 
when an individual with a family history of a disease 
wants to know the probability of passing the disease 
on to their children. In either case, a tree is drawn, as 
shown in Figure 6-2, with circles to represent females, 
and squares to represent males. Matings are drawn as a 
line joining a male and female, while a consanguineous 
mating (closely related, such as siblings or first cousins) 
is two lines. 
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Figure 6-2 mating 


Symbols used in drawing a pedigree. 
(Original-Deyholos/Harington-CC BY- 
NC 3.0) 

mating 


The affected individual that brings the family to the 
attention of a geneticist is called the proband (or prop- 
ositus). If the individual is unaffected, they are called 
the consultand. If an individual is known to have symp- 
toms of the disease (affected), the symbol is filled in. 
Sometimes a half-filled in symbol is used to indicate a 
known carrier of a disease; this is someone who does 
not have any symptoms of the disease, but who passed 
the disease on to subsequent generations because they 
are a heterozygote. A circle with a dot in the centre indi- 
cates female carriers of X-linked traits. Note that when 
a pedigree is constructed, we often don't know whether 
a particular individual is a carrier or not. Not all carri- 
ers are always explicitly indicated in a pedigree. If you 
don't know the exact genotype, don't guess. If some- 
one can be a homozygote or heterozygote, indicate the 
second allele a slash (e.g. A/-). For simplicity, in this 


course we will assume that the pedigrees presented 
are accurate, and represent fully penetrant traits. 


A.2. PEDIGREE CHART CONVENTION SYMBOLS 


In pedigree analysis, standardized human pedigree 
nomenclature is used. If possible, the male partner 
should be left of female partner on relationship line. 
Siblings should be listed from left to right in birth or- 
der, oldest to youngest. 

B. MODES OF INHERITANCE 


Given a pedigree of an uncharacterized disease or 
trait, one of the first tasks is to determine which modes 
of inheritance are possible and then which mode of in- 
heritance is most likely. This information 
is essential in calculating the probabili 
‘that the trait will be inherited in any fu- 
| ture offspring. We will mostly consider 


sex 


five major types of inheritance: autoso- 


mal dominant (AD), autosomal recessive 


one 


consanguineous 


(AR), X-linked dominant (XD), X-linked 
recessive (XR), and Y-linked (Y). 


Warning: do not use ratios to determine 
which allele is dominant or recessive. There 
are not enough data points in a pedigree to 
validate the assumptions upon which the ra- 
tios are based. ‘Try out gene symbols and find 
out which are consistent and which are incon- 
sistent. Most small pedigrees are consistent 
with more than one inheritance pattern. 
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B.1. AUTOSOMAL DOMINANT (AD) 


When a disease is caused by a domi- 
nant allele of a gene, every person with 
that allele will show symptoms of the disease (assum- 
ing complete penetrance), and only one disease allele 
needs to be inherited for an individual to be affected 
(Figure 6-3). Thus, every affected individual must 
have an affected parent. A pedigree with affected 
individuals in every generation is typical of AD (au- 
tosomal dominant) diseases. However, beware that 
other modes of 


inheritance can 

also show the 

disease in every ¡e 

generation, as | 

described below, M @ O 

It is also possible Figure 6-3 
for an affected A pedigree consistent with AD 


individual with inheritance. 
an AD disease (Original-Deyholos-CC BY-NC 3.0) 
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Table 6-1 
Genotype nomenclature consistent 
with AD inheritance. 


(Original-Nickle-CC BY-NC 3.0) 


‚AD Nomenclature 


to have a family 
without any af- 
fected children, if 
the affected par- 
ent is a hetero- 


zygote. This is 

A _| mutant allele particularly true 

a | WTallele in small families, 

A/a | affected where the prob- 

affected to the same or | ability of every 

A/A | greater extent child inheriting 
may be recessive lethal) 


the normal, rath- 
er than disease allele is not extremely small. Note that 
AD diseases are usually rare in populations, therefore 
affected individuals with AD diseases tend to be het- 
erozygotes (otherwise, both parents would have had to 
been affected with the same rare disease). Achondro- 
plastic dwarfism, and polydactyly are both examples of 
human conditions that may follow an AD mode of in- 
heritance. Table 6-1 shows how symbols can be used 
for AD expression. 


AD EXAMPLE: ACHONDROPLASIA 


Achondroplasia (Figure 6-4) is a common form of 
dwarfism, FGFR3 gene at 4p16 (chromosome 4, p arm, 
region 1, band 6) encodes a receptor protein that nega- 
tively regulates bone development. A specific bp substi- 
tution in the gene makes an over-active protein and this 
results in shortened bones (Figure 6-5). Acondroplasia 
is considered autosomal dominant because the defec- 
tive proteins made in A/a embryos halt bone growth 
prematurely. A/A embryos do not make enough limb 
bones to survive. Most, but not all dominant mutations 
are also recessive lethal. In achondroplasia, the A allele 
shows dominant visible phenotype (shortness) and re- 
cessive lethal phenotype. 


B.2. X-LINKED DOMINANT (XD) 


In X-linked dominant inheritance, the gene respon- 

sible for the disease is located on the X-chromosome, 

and the allele that causes the disease is dominant to the 
normal allele in females. Because 
Figure 6-4 
Portrait of Sebastián de Morra by 
Diego Velázquez, a court dwarf and 
was painted ~1645. He likely had 
achondroplasia, a condition that has 
autosomal dominant inheritance, 


(Wikimedia Commons-Diego Velázquez- 
PD) 
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have 
twice as many 
X-chromo- 
somes as males, 
females tend 
to be more fre- 
quently affected 
than males in 
the population. 
However, not all 
pedigrees pro- 
vide sufficient 
information to 
distinguish XD 
and AD. One 
definitive indica- 
tion that a trait is inherited as AD, and not XD, is that 
an affected father passes the disease to a son; this type 
of transmission is not possible with XD, since males in- 
herit their X chromosome from their mothers. 


females 


al 

division 
Figure 6-5 
Diagram showing the mechanism of 
achondroplasia. 


(Original-Harrington- NC3.0) 


Table 6-2 shows how gene symbols work with XD; 

Figure 6-6 and Figure 6-7 demonstrate XD syndromes. 
O Figure 6-6 

Two pedigrees consistent with XD 

inheritance. 


(Original-Deyholos-CC BY-NC 3.0) 


DO 


Figure 6-7 
Some types of rickets may follow an 
XD mode of inheritance. 
(Wikipedia-Mrish-CC BY-SA 1.0) 


XD EXAMPLE: FRAGILE X SYNDROME 


‘The FMR1 gene at Xq21 (X chromosome, q arm, re- 
gion 2, band 1) encodes a protein needed for neuron 
development. There is 
a (CGG), repeat array 
in the SUTR (un- 
translated region). If 
there is expansion of 
the repeat in the germ- 


Table 6-2 
Genotype nomenclature consistent 
with XD inheritance, 


(Original-Nickle-CC BY-NC 3.0) 


x | mutantallele | line cell the child will 
x |WTallele inherit a non-func- 
XA/Y | affected male tional allele. X* / Y 
Kaya males have fragile X 
XX affected females | mental retardation 
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(IQ < 50) because none of their neurons can make 
FMRI proteins. Fragile X syndrome is considered 
X-linked dominant because only some neurons in X*/ 
X? females can make FMRI proteins. The severity (IQ 
50 - 70) in these females depends upon the number and 
location of these cells within in the brain. 

B.3. AUTOSOMAL RECESSIVE (AR) 

Diseases that are inherited in an autosomal recessive 
pattern require that both parents of an affected individ- 
ual carry at least one copy of the disease allele. With 
AR traits, many individuals in a pedigree can be carri- 
ers, probably without knowing it. Compared to ped- 
igrees of dominant traits, AR pedigrees tend to show 
fewer affected individuals and are more likely than AD 
or XD to “skip a generation”. Thus, the major feature 
that distinguishes AR from AD or XD is that unaffected 
individuals can have affected offspring. Attached ear- 
lobes is a human condition that may follow an AR mode 
of inheritance. 


Table 6-3 shows AR gene symbols and Figure 6-8 
shows an AR pedigree. 


O 
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A pedigree consistent with AR inheritance. 
(Original-Deyholos-CC BY-NC 3.0) 


Figure 6-9 
Many inborn errors of 
metabolism, such as 
phenylketonuria (PKU) 
are inherited as AR. 
Newborns are often 
tested for a few of the 
most common metabolic 
diseases. 


(Wikipedia-U.S. Air Force photo/Staff Sgt. Eric T. Sheler-PD) 


Figure 6-10 

Mutation in the PAH Lo Pad y 
gene cannot eatalee Phenlalanina > tyrosine, 
the breakdown of 

phenylalanine into 

tyrosine. This causes phenalpyruvie acid 

build up of phen- 

ylpyruvie acid, which 

would damage the central nervous system. 


(Original-Harrington-CC BY-NC 3.0) 


Table 6-3 
Genotype nomenclature consistent with AR inheritance. 


(Original-Nickle-CC BY-NC 3.0) 


AR Nomenclature 


A WT allele 

a mutant allele 
a/a | affected 
A/a | carrier 
A/- | status unknown 


AR EXAMPLE: PHENYLKETONURIA (PKU) 


Individuals with phenylketonuria (PKU) have a mu- 
tation in the PAH gene at 12q24 (chromosome 12, q arm, 
region 2, band 4), which encodes an enzyme that breaks 
down phenylalanine into tyrosine called phenylalanine 
hydrolase (PAH). Without PAH, the accumulation of 
phenylalanine and other metabolites, such as phenylpy- 
ruyic acid (Figure 6-10), disrupts brain development, 
typically within a year after birth, and can lead to intel- 
lectual disability. Fortunately, this condition is both easy 
to diagnose (Figure 6-9) and can be successfully treated 
with a low phenylalanine diet. There are over 450 dif- 
ferent mutant alleles of the PAH gene, so most people 
with PKU are compound heterozygotes. Compound 
heterozygotes have two different mutant alleles (differ- 
ent base pair changes) at a given locus, in this case the 
PAH gene. 

B.4. X-LINKED RECESSIVE (XR) 

Because males have only one X-chromosome, any 
male that inherits an X-linked recessive disease allele 
will be affected by it (assuming complete penetrance). 
‘Therefore, in XR modes of inheritance, males tend to be 
affected more frequently than females in a population 
(e.g. Figure 6-11, 12). This is in contrast to AR and AD, 
where both sexes tend to be affected equally, and XD, in 
which females are affected more frequently. Note, how- 
ever, in the small sample sizes typical of human fam- 
ilies, it is usually not possible to accurately determine 
whether one 
sex is affect- 


O JO ed more fre- 
pa L quently than 
o] ao Pr 
On the oth- 
Figure 6-11 er hand, ped- 


igree that can 
be used to de- 
finitively 


A pedigree consistent with XR inheritance. 


(Original-Deyholos-CC BY-NC 3.0) 
es- 
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Figure 6-12 
Some forms of colour 
blindness are inherited 
as XR-traits. Colour 
blindness is diagnosed 
using tests such as this 
$ Ishihara Test, which is 
shown above. 


(Wikipedia-un- 
known-PD) 


tablish that an inheritance pattern is not XR is the pres- 
ence of an affected daughter from unaffected parents; 
because she would have had to inherit one X-chromo- 
some from her father, he would also have been affected 
in XR. Table 6-4 show XR symbols. 


Table 6-4 
Genotype nomenclature consistent with XR inheritance. 
(Original-Harrington-CC BY-NC 3.0) 


XR Nomenclature 


xA WT allele 


x mutant allele 
I EV [etlected _ | 
xA/X° carrier female 


affected female 


XR EXAMPLE: HEMOPHILIA A 


F8 gene at Xq28 (X chromosome, q arm, region 2, 
band 8) encodes blood clotting factor VIIIc (Figure 
6-13). Without Factor VIIIc, internal and external 
bleeding can't be stopped. Back in the 1900s, X*/ Y males 
average life expectancy was 1.4 years, but in the 2000s 
it has increased to 65 years with the advent of Recom- 
binant Human 

Factor 


Ville. ar 
Hemophilia A 4 
is recessive be- bod sese! 

g 


cause X* / X* 
Figure 6-13 


females have 
F8 gene encodes for blood clotting factor 


normal blood 
coagulation, yiic which is responsible for blood coagula- 


while X® / X® tion. 
females have (original-Harrington-CC BY-NC 3.0) 
hemophilia. 
B.5. Y-LINKED 

Only males are affected in human Y-linked inheri- 
tance (and other species with the X/Y sex determining 
system). There is only father-to-son transmission. This 


blood 


c oagulahon 


is the easiest mode of inheritance to identify, but it is 
one of the rarest because there are so few genes located 
only on the Y-chromosome. 


An example of Y-linked inheritance is the hairy-ear- 
rim phenotype seen in some Indian families. As ex- 
pected this trait is passed on from father to all sons and 
no daughters. Y-chromosome DNA polymorphisms 
can be used to follow the male lineage in large fami- 
lies or through ancient ancestral lineages. For example, 
the Y-chromosome of Mongolian ruler Genghis Khan 
(1162-1227 CE), and his male relatives, accounts for 
~8% of the Y-chromosome lineage of men in Asia (0.5% 
world wide). 

B.6. ORGANELLAR GENOMES 

In eukaryotes, DNA and genes also exist outside of 
the chromosomes found in the nucleus. Both the chlo- 
roplast and mitochondrion have circular chromo- 
somes ‚These organellar genomes are often present in 
multiple copies within each organelle. In most sexual- 
ly reproducing species, organellar chromosomes are 
inherited from only one parent, usually the one that 
produces the largest gamete. ‘Thus, in mammals, an- 
giosperms, and many other organisms, mitochondria 
and chloroplasts are inherited only through the moth- 
er (maternally). Therefore, mutations in mitochondrial 
DNA (mtDNA) are inherited through the maternal line. 
‘There are some human diseases associated with muta- 
tions in mitochondria genes. These mutations can affect 
both males and females, but males cannot pass them on 
as all mitochondria are inherited via the egg, not the 
sperm. Mitochondrial DNA polymorphisms are also 
used to investigate evolutionary and historical lineages, 
both ancient and recent. Because of the relative similar- 
ity of sequence mtDNA is also used in species identifi- 
cation in ecology studies. An example of Mitochondrial 
inheritance is the Leber hereditary optical neuropathy 
(LHON). Mitochondria are very important in retinal 
cells for ATP and/or a specialized function. Mutations 
in several mtDNA genes result in blindness during early 
childhood. 

C. SPORADIC AND NON-HERITABLE DISEASES 

Notall of the characterized human traits and diseases 
are attributed to mutant alleles at a single gene locus. 
Many diseases that have a heritable component, have 
more complex inheritance patterns due to (1) the in- 
volvement of multiple genes, and/or (2) environmental 
factors. 


On the other hand, some non-genetic diseases may 
appear to be heritable because they affect multiple 
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members of the same family, but this is due to the fam- 
ily members being exposed to the same toxins or other 
environmental factors (e.g. in their homes). 


Finally, diseases with similar symptoms may have 
different causes, some of which 
may be genetic while others are not. 
One example of this is ALS (amy- 
otrophic lateral sclerosis); approxi- 
mately 5-10% of cases are inherited 
in an AD pattern, while the major- 
ity of the remaining cases appear 
to be sporadic, in other words, 
> not caused by a mutation inherited 
Figure 6-14 from a parent. We now know 
Stephen Hawking that different genes or proteins 
(Wikipedia-NASA-PD) are affected in the inherited and 

sporadic forms of ALS. The phys- 
icist Stephen Hawking (Figure 6-14)and baseball player 
Lou Gehrig both suffered from sporadic ALS. 

D. CALCULATING PROBABILITIES 

Once the mode of inheritance of a disease or trait 
is identified, some inferences about the genotype of 
individuals in a pedigree can be made, based on their 
phenotypes and where they appear in the family tree. 
Given these genotypes, it is possible to calculate the 
probability of a particular genotype being inherited in 
subsequent generations. This can be useful in genetic 
counseling, for example when prospective parents wish 
to know the likelihood of their offspring inheriting a 
disease for which they have a family history. 

Probabilities in pedigrees are calculated using knowl- 
edge of Mendelian inheritance and the same basic meth- 
ods as are used in other fields. The first formula is the 
product rule: the joint probability of two independent 
events is the product of their individual probabilities; 
this is the probability of one event AND another event 
occurring. For example, the probability of a rolling a 
“five” with a single throw of a single six-sided die is 1/6, 
and the probability of rolling “five” in each of three suc- 
cessive rolls is 1/6 x 1/6 x 1/6 = 1/216. 

The second useful formula is the sum rule, which 
states that the combined probability of two independent 
events is the sum of their individual probabilities. This 
is the probability of one event OR another event occur- 
ring. For example, the probability of rolling a five or six 
in a single throw of a dice is 1/6 + 1/6 = 1/3. 

With these rules in mind, we can calculate the proba- 
bility that two carriers (i.e. heterozygotes) of an AR dis- 
ease will have a child affected with the disease as % x Y 
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= Y4, since for each parent, the probability of any gam- 
etes carrying the disease allele is %. This is consistent 
with what we already know from calculating probabili- 
ties using a Punnett Square (e.g. in a monohybrid cross 
A/a x A/a, % of the offspring are a/a). 

We can likewise calculate probabilities in the more 
complex pedigree shown in We can likewise calculate 
probabilities in the more complex pedigree shown in 
We can likewise calculate probabilities in the more 
complex pedigree shown in We can likewise calcu- 
late probabilities in the more complex pedigree shown 
in We can likewise calculate probabilities in the more 
complex pedigree shown in Figure 6-15. 


THO pl 
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Figure 6-15 
Individuals in this pedigree are labeled with 
numbers to make discussion easier. 


(Original-Deyholos-CC BY-NC 3.0) 


Assuming the disease has an AR pattern of inheri- 
tance, what is the probability that individual 14 will be 
affected? We can assume that individuals #1, #2, #3 and 
#4 are heterozygotes (A/a), because they each had at 
least one affected (a/a) child, but they are not affected 
themselves. This means that there is a 2/3 chance that 
individual #6 is also A/a. This is because according to 
Mendelian inheritance, when two heterozygotes mate, 
there is a 1:2:1 distribution of genotypes A/A:A/a:a/a. 
However, because #6 is unaffected, he can't be a/a, so 
he is either A/a or A/A, but the probability of him being 
A/a is twice as likely as A/A. By the same reasoning, 
there is likewise a 2/3 chance that +9 is a heterozygous 
carrier of the disease allele. 

If individual 6 is a heterozygous for the disease allele, 
then there is a Y chance that #12 will also be a hetero- 
zygote (i.e. if the mating of #6 and #7 is A/a x A/A, 
half of the progeny will be A/a; we are also assuming 
that #7, who is unrelated, does not carry any disease 
alleles). Therefore, the combined probability that #12 
is also a heterozygote is 2/3 x 1/2 = 1/3. This reasoning 
also applies to individual #13, i.e. there is a 1/3 proba- 
bility that he is a heterozygote for the disease. Thus, the 
overall probability that both individual #12 and #13 are 
heterozygous, and that a particular offspring of theirs 
will be homozygous for the disease alleles is 1/3 x 1/3 x 
1/4 = 1/36. 
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SUMMARY: 


Pedigree analysis can be used to determine the mode of inheritance of specific traits such as diseases. 
Loci can be X- or Y-linked or autosomal in location and alleles either dominant or recessive with respect 


to wild type. 


If the mode of inheritance is known, a pedigree can be used to calculate the probability of inheritance of 


a particular genotype by an individual. 


KEY TERMS: 
Pedigree charts aned 
de of inheritance eine i 
ies ti li autosomal dominant 
genetic counseling Achondoplasia 


incomplete penetrance 
variable expressivity 
proband 


X-linked dominant 
Fragile X-syndrome 
Phenylketonuria (PKU) 


STUDY QUESTIONS: 


1) What are some of the modes of inheritance that are 
consistent with this pedigree? 


OE 


u 


1 


2) In this pedigree in question 1, the mode of inheri- 
tance cannot be determined unamibguously. What 
are some examples of data (e.g. from other genera- 
tions) that, if added to the pedigree would help de- 
termine the mode of inheritance? 


3) For each of the following pedigrees, name the most 
likely mode of inheritance (AR=autosomal reces- 
sive, AD=autosomal dominant, XR=X-linked re- 
cessive, XD=X-linked dominant). (These pedigrees 
were obtained from various external sources). 


a) O 


50730 o 


autosomal recessive organellar 


X-linked recessive mitochondrial inheritance 
Hemophilia A (mtDNA) 
Y-linked endopolyplody 
hairy-ear-rim sporadic 
chloroplast product rule 
mitochondrion sum rule 

c) 

a oO 


Tea 


4) The following pedigree represents a rare, autoso- 
mal recessive disease. What are the genotypes of 
the individuals who are indicated by letters? 


If individual #1 in the following pedigree is a het- 
erozygote for a rare, AR disease, what is the proba- 
bility that individual #7 will be affected by the dis- 
ease? Assume that #2 and the spouses of #3 and #4 
are not carriers. 


Hoon odk 


b) 


Oy 
ò 
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